Introduction {#s01}
============

Pancreatic ductal adenocarcinoma (PDA) is a devastating disease in which the mortality rate approaches the incidence rate ([@bib44]). PDA is almost invariably associated with a modest T cell infiltrate, which can have divergent effects on disease progression by either combating cancer growth via antigen-restricted tumoricidal immune responses or, more commonly, by promoting tumor progression via induction of immune suppression ([@bib2]; [@bib48]). Specifically, T cell differentiation within the PDA tumor microenvironment (TME) is an important determinant of disease outcome. T helper type 1 cell (Th1 cell)--polarized CD4^+^ T cells mediate tumor protection in mouse models of PDA and are associated with prolonged survival in human disease ([@bib6]). Conversely, Th2 cell--polarized CD4^+^ T cells promote PDA progression in mice, and intratumoral CD4^+^ Th2 cell infiltrates correlate with reduced survival in human PDA ([@bib11]; [@bib6]; [@bib34]). Similarly, CD4^+^CD25^+^Foxp3^+^ regulatory T cells (T reg cells) enable tumor immune escape, and Th17 cell--differentiated CD4^+^ T cells facilitate epithelial cell proliferation in PDA ([@bib17]; [@bib32]). However, regulation of the balance between immunogenic and tolerogenic T cell polarization in the PDA TME is uncertain.

The NOD-like receptor family pyrin domain--containing 3 (NLRP3) inflammasome is a multimeric complex involved in the induction of innate inflammatory responses. The complex consists of the NLRP3 protein, which acts as a sensor for the activation of the inflammasome, and an apoptosis-associated speck-like protein containing a CARD complex (ASC), which recruits pro--caspase-1 through its CARD domain. Pro--caspase-1 is then converted to caspase-1, which, in turn, cleaves both pro--IL-1β and pro--IL-18 to their active forms. IL-1β and IL-18 serve to promote inflammation by recruiting additional inflammatory cells. Thus, NLRP3 signaling sustains sterile inflammation in the homeostatic state and under diverse pathological conditions. Conversely, NLRP3 deficiency mitigates susceptibility to myocardial infarction, acute renal injury, graft-versus-host disease, sterile liver inflammation, and a host of autoimmune diseases ([@bib10]; [@bib24]; [@bib31]; [@bib23]). In the pancreas, NLRP3 activation was found to be necessary for the development of experimental acute pancreatitis and to significantly contribute to obesity-induced insulin resistance ([@bib18]; [@bib43]). However, the role of NLRP3 signaling in the development or progression of PDA is uncertain.

Our preliminary investigations showed that NLRP3 is markedly up-regulated in macrophages in PDA. We postulated that NLRP3 signaling underlies the propensity of tumor-associated macrophages (TAMs) to support immune-suppressive CD4^+^ T cell polarization in the TME. We also speculated that blockade of NLRP3 signaling would reprogram the inflammatory TME toward a tumor-protective phenotype. We found that NLRP3 signaling in macrophages directs tolerogenic T cell differentiation in PDA. Our data suggest that targeting the NLRP3 inflammasome holds the promise for successful immunotherapy of PDA.

Results {#s02}
=======

High NLRP3 signaling in subsets of PDA-associated macrophages in mice and humans {#s03}
--------------------------------------------------------------------------------

To assess the relevance of NLRP3 to PDA, we examined NLRP3 signaling in a slowly progressive mouse model of PDA using p48^Cre^;LSL-Kras^G12D^ (KC) mice, which express oncogenic *Kras* in their pancreatic progenitor cells ([@bib15]), in an invasive orthotopic PDA model using tumor cells derived from Pdx1^Cre^;LSL-Kras^G12D^;Tp53^R172H^ (KPC) mice, which express both mutant *Kras* and *p53* ([@bib16]), and in human disease. Western blotting showed up-regulated expression of IL-18 and IL-1β in pancreata of KC mice compared with WT ([Fig. 1 A](#fig1){ref-type="fig"}). Immunofluorescence microscopy suggested high NLRP3 expression in myeloid cells in pancreata of KC mice ([Fig. 1 B](#fig1){ref-type="fig"}). Flow cytometry analysis confirmed up-regulated NLRP3 expression in pancreas-infiltrating macrophages in KC mice compared with minimal expression in splenic macrophages ([Fig. 1 C](#fig1){ref-type="fig"}). Moreover, CD206^+^MHCII^−^ M2-like macrophages, which were increased in prevalence in pancreatic intraepithelial neoplasia lesions compared with spleen ([Fig. 1 E](#fig1){ref-type="fig"}), expressed high NLRP3 and IL-1β, whereas NLRP3 and IL-1β expression were low in CD206^−^MHCII^+^ M1-like macrophages in pancreata of KC mice ([Fig. 1 E](#fig1){ref-type="fig"}). In orthotopic KPC tumors, NLRP3 and IL-1β were also up-regulated in CD206^+^MHCII^−^ M2-like TAMs compared with CD206^−^MHCII^+^ M1-like TAMs ([Fig. 1 F](#fig1){ref-type="fig"}). NLRP3 was minimally expressed in macrophages in nontumor-bearing pancreata ([Fig. 1 G](#fig1){ref-type="fig"}). In human PDA, immunohistochemical analysis confirmed high NLRP3 expression in the TME ([Fig. 1 H](#fig1){ref-type="fig"}). Furthermore, similar to mice, PDA-infiltrating CD15^+^ monocytic cells expressed markedly higher NLRP3 than their counterparts in PBMCs ([Fig. 1 I](#fig1){ref-type="fig"}).

![**NLRP3 expression in human and mouse PDA.** (A) Lysate from 3-mo-old WT, KC, and KC;NLRP3^−/−^ mice were tested for expression of IL-1β and IL-18 by Western blotting. Ponceau staining is shown. Experiments were repeated three times. Representative data are shown. (B) Frozen sections of pancreata of mouse PDA tumors were tested for coexpression of CD11b and NLRP3 or CK19 and NLRP3 compared with respective isotype controls. Bar, 10 µm. (C) F4/80^+^Gr1^−^CD11c^−^CD11b^+^ macrophages from pancreata or spleen macrophages from 3-mo-old KC mice were tested for expression of NLRP3 compared with isotype controls. (D) Macrophages from pancreata or spleen of KC mice were tested for coexpression of MHC II and CD206. (E) MHC II^−^CD206^+^ and MHC II^+^CD206^−^ pancreatic macrophage subsets from 3-mo-old KC mice were gated and tested for expression of NLRP3 and IL-1β. Representative and quantitative data are shown. Positive gates are based on isotype controls (not depicted). (F) MHC II^−^CD206^+^ and MHC II^+^CD206^−^ TAM subsets from WT mice bearing orthotopic PDA were gated and tested for expression of NLRP3 and IL-1β. (G) Macrophages from WT control pancreata or pancreata or spleen of WT mice harboring orthotopic KPC tumors were tested for expression of NLRP3. (H) Paraffin-embedded sections of human PDA were tested for expression of NLRP3 compared with isotype control. Bar, 20 µm. (I) CD15^+^ monocytic cells from single-cell suspensions of human PDA or PBMCs were gated by flow cytometry and tested for expression of NLRP3. Representative contour plots and quantitative data from six patients are shown. (J) Splenic macrophages from WT mice were cultured alone or in a 5:1 ratio with KPC-derived tumor cells. At 24 h, macrophages were tested for expression of CD206, IL-10, and NLRP3. (K) Similarly, BMDMs from WT mice were stimulated with recombinant TGF-β or TNF and tested for NLRP3 expression. (L) Orthotopic PDA-bearing mice were serially treated with a neutralizing TGF-β mAb or isotype control. Tumors were harvested on day 21, and expression of NLRP3 and CD206 in TAMs was determined by flow cytometry. *n* = 5/group. All mouse experiments were repeated a minimum of twice using five mice per experimental group. Littermate controls were used. Unpaired Student's *t* test was used for statistical analyses. \*, P \< 0.05; \*\*, P \< 0.01; \*\*\*, P \< 0.001; \*\*\*\*, P \< 0.0001. Data are presented as mean ± standard error. MΦ, macrophage; Ms, mouse; Panc, pancreas; PanIN, pancreatic intraepithelial neoplasia; SSA, side scatter.](JEM_20161707_Fig1){#fig1}

Because macrophages in the PDA TME express higher NLRP3 than their cellular counterparts in the mouse spleen, normal pancreas, or in human PBMCs, we postulated that pancreatic carcinoma cells may directly up-regulate NLRP3 expression in TAMs. To test this, we co-incubated KPC-derived tumor cells with splenic macrophages and assessed the change in macrophage NLRP3 expression. PDA cells increased the M2 polarization of macrophages ([Fig. 1 J](#fig1){ref-type="fig"}). Contrary to our hypothesis, tumor cells did not directly up-regulate macrophage expression of NLRP3 ([Fig. 1 J](#fig1){ref-type="fig"}). However, we found that TGF-β and, to a lesser extent, TNF, which are each overexpressed in the PDA TME ([@bib47]; [@bib12]), up-regulate NLRP3 expression in BMDMs ([Fig. 1 K](#fig1){ref-type="fig"}). Accordingly, serial blockade of TGF-β in vivo in PDA-bearing mice reduced NLRP3 expression ∼3-fold and concomitantly lowered CD206 expression in TAMs ([Fig. 1 L](#fig1){ref-type="fig"}).

NLRP3 deletion is protective against PDA {#s04}
----------------------------------------

To determine whether NLRP3 signaling is required for the normal progression of pancreatic oncogenesis, we crossed NLRP3^−/−^ mice with KC animals to generate KC;NLRP3^−/−^ mice. NLRP3 deletion delayed malignant progression. Compared with KC;NLRP3^+/+^ controls, age-matched KC;NLRP3^−/−^ pancreata exhibited a slower rate of development of pancreatic dysplasia ([Fig. 2 A](#fig2){ref-type="fig"}), reduced pancreatic weights ([Fig. 2 B](#fig2){ref-type="fig"}), diminished peritumoral fibrosis ([Fig. 2 C](#fig2){ref-type="fig"}), and extended survival ([Fig. 2 D](#fig2){ref-type="fig"}). To investigate whether NLRP3 deletion is protective in a more aggressive model of PDA, WT and NLRP3^−/−^ mice were challenged with an orthotopic injection of KPC-derived tumor cells and sacrificed at 3 wk. Orthotopic KPC tumor growth was significantly reduced in pancreata of NLRP3^−/−^ mice ([Fig. 2 E](#fig2){ref-type="fig"}). Collectively, these data suggest that NLRP3 signaling promotes accelerated progression of pancreatic neoplasia and that targeting NLRP3 may hold therapeutic promise.

![**NLRP3 deletion or blockade is protective against PDA.** (A) KC;NLRP3^+/+^ and KC;NLRP3^−/−^ mice were sacrificed at 3, 6, or 9 mo of life (means of six to seven mice per time point). Representative H&E-stained sections are shown. The percentage of pancreatic area occupied by intact acinar structures and the fractions of ductal structures exhibiting normal morphology, acinoductal metaplasia (ADM), or graded pancreatic intraepithelial neoplasia (PanIN) I--III lesions were calculated. Bar, 200 µm. (B) Weights of pancreata were compared in 3- and 6-mo-old KC;NLRP3^+/+^ and KC;NLRP3^−/−^ mice. (C) Pancreata of 6-mo-old KC;NLRP3^+/+^ and KC;NLRP3^−/−^ mice were stained with trichrome, and the percentage of fibrotic pancreas' area was calculated. Bar, 200 µm. Unpaired Student's *t* test was used for statistical analyses. (D) Kaplan-Meier survival analysis was performed for KC;NLRP3^+/+^ (*n* = 29) and KC;NLRP3^−/−^ (*n* = 24) mice. P = 0.002 based on the Wilcoxon test. (E) WT and NLRP3^−/−^ mice were challenged with orthotopically implanted KPC-derived tumor cells. Mice were sacrificed at 21 d, and pancreatic tumors were photographed and weighed. *n* = 8/group. Bar, 1 cm. Orthotopic tumor experiments were repeated more than five times with similar results. Unpaired Student's *t* test was used for statistical analyses. Mice were bred in house, and littermate controls were used. \*\*, P \< 0.01; \*\*\*, P \< 0.001. Data are presented as mean ± standard error.](JEM_20161707_Fig2){#fig2}

ASC, caspase-1 deletion, or pharmacologic inhibition of NLRP3 is protective against PDA {#s05}
---------------------------------------------------------------------------------------

Because NLRP3 complexes with ASC and caspase-1 to mediate inflammation, we postulated that targeting either ASC or caspase-1 would also confer protection against PDA. Consistent with our hypothesis, orthotopically implanted PDA tumors grew at reduced rates in both ASC^−/−^ and Casp-1^−/−^ mice ([Fig. 3 A](#fig3){ref-type="fig"}). Furthermore, because genetic deletion of NLRP3 or components of the inflammasome have limited direct translational application to treatment of human disease, we tested whether pharmacologic inhibition of NLRP3 activation would be similarly protective. KC mice were serially treated for 8 wk with Glybenclamide, which blocks the maturation of caspase-1 and pro--IL-1β ([@bib26]). Glybenclamide was protective against pancreatic oncogenesis ([Fig. 3 B](#fig3){ref-type="fig"}). Administration of CRID3, which blocks ASC oligomerization in the NLRP3 inflammasome ([@bib3]), was not significantly protective against PDA as a single agent; however, CRID3 offered synergistic efficacy when combined with TLR9 inhibition ([Fig. 3 C](#fig3){ref-type="fig"}). By contrast, selective deletion of the NOD2 inflammasome, which functions independently of NLRP3, was not protective in PDA in the KC or orthotopic KPC models ([Fig. 4](#fig4){ref-type="fig"}), suggesting specificity of effects to NLRP3.

![**ASC or caspase-1 deletion and NLRP3 inhibition are protective in murine disease.** (A) WT, ASC^−/−^, and caspase-1^−/−^ mice were orthotopically implanted with KPC-derived tumor cells. At 21 d, intrapancreatic tumors were harvested. Representative photographs of tumors and quantitative analysis of tumor weights are shown for each group. *n* = 5/group. (B) 6-wk-old KC mice were serially treated for 8 wk with Glybenclamide or vehicle before sacrifice. Pancreata were harvested, weighed, and analyzed for ductal dysplasia based on H&E staining. *n* = 5/group. Bar, 200 µm. (C) 6-wk-old KC mice were serially treated for 8 wk with vehicle, a TLR9 oligonucleotide inhibitor (IRS869), CRID3, or IRS869 + CRID3. Pancreata were harvested, weighed, and analyzed by H&E staining. *n* = 5/group. Bar, 200 µm. Littermate controls were used in all experiments, and experiments were reproduced twice. Unpaired Student's *t* test was used for statistical analyses. \*, P \< 0.05; \*\*, P \< 0.01; \*\*\*, P \< 0.001. ADM, acinoductal metaplasia; PanIN, pancreatic intraepithelial neoplasia.](JEM_20161707_Fig3){#fig3}

![**NOD2 deletion is not protective against PDA.** (A and B) Cohorts of KC and KC;NOD2^−/−^ mice were sacrificed at 6 mo of life. Mean *n* = 6/group. (A) Representative H&E-stained sections are shown, and the fraction of preserved acinar area was calculated (P = NS). Bar, 200 µm. (B) Pancreas weights (wt) were recorded (P = NS). (C--G) WT and NOD2^−/−^ mice were orthotopically implanted with KPC-derived tumor cells. (C) Mice were sacrificed at 21 d. Representative gross pictures of tumors and mean tumor weights are shown (P = NS). *n* = 5/group. Bar, 1 cm. (D) Expression of CD206, TNF, and MHC II in TAMs were determined by flow cytometry. \*, P \< 0.05. MΦ, macrophage. (E--G) Similarly, the intratumoral CD8^+^/CD4^+^ T cell ratio (P = NS; E), CD4^+^ T cell expression of CD44, IFN-γ, and PD-1 (F), and CD8^+^ T cell expression of IFN-γ (G) were assessed (P = NS). Orthotopic tumor experiments in NOD2^−/−^ mice were repeated four times with similar results, and littermate controls were used. Unpaired Student's *t* test was used for statistical analyses.](JEM_20161707_Fig4){#fig4}

NLRP3-activated TAMs do not have direct proliferative effects on pancreatic tumor cells or induce PSC activation {#s06}
----------------------------------------------------------------------------------------------------------------

We postulated that NLRP3-activated TAMs may directly induce tumor cell proliferation in PDA. To test this, we co-cultured NLRP3^+/+^ and NLRP3^−/−^ macrophages with KPC-derived tumor cells. TAMs induced tumor cell proliferation in vitro as previously reported ([@bib36]). However, WT TAMs did not induce higher tumor cell proliferation compared with NLRP3^−/−^ TAMs ([Fig. 5 A](#fig5){ref-type="fig"}). Similarly, exogenous NLRP3 ligation using alum did not endow macrophages with the capacity to differentially promote tumor cell proliferation ([Fig. 5 A](#fig5){ref-type="fig"}). Pancreatic stellate cells (PSCs) did not express NLRP3 (not depicted). Nevertheless, because we observed that NLRP3 deletion mitigated stromal fibrosis in vivo, we postulated that NLRP3 signaling in TAMs may increase their ability to activate PSCs. However, neither NLRP3 deletion nor NLRP3 ligation influenced the capacity of TAMs to promote PSC proliferation ([Fig. 5 B](#fig5){ref-type="fig"}) or expression of proinflammatory cytokines ([Fig. 5 C](#fig5){ref-type="fig"}). Collectively, these data suggest that NLRP3-activated TAMs do not directly enhance oncogenic properties in transformed epithelial cells or PSCs.

![**NLRP3 signaling does not enable TAMs to directly induce tumor cell proliferation or PSC activation.** (A) KPC tumor cells were cultured alone or with the NLRP3 agonist alum, WT macrophages, or NLRP3^−/−^ macrophages FACS sorted from orthotopic PDA tumors, in single or in the indicated combinations. Tumor cell proliferation was measured using the XTT assay. (B and C) PSCs were cultured alone or with the NLRP3 agonist alum, WT macrophages, or NLRP3^−/−^ macrophages, in single or in the indicated combinations. (B) PSC proliferation was measured using the XTT assay. (C) MCP-1 was measured in the cell culture supernatant. All experiments were performed in replicates of five and repeated twice with similar results. Unpaired Student's *t* test was used for statistical analyses. \*\*, P \< 0.01; \*\*\*, P \< 0.001. Data are presented as mean ± standard error. MΦ, macrophage.](JEM_20161707_Fig5){#fig5}

NLRP3 deletion induces immunogenic reprogramming of tumor-infiltrating macrophages {#s07}
----------------------------------------------------------------------------------

We postulated that NLRP3 signaling may promote immune suppression within the PDA TME. Assessment of the innate immune infiltrate in orthotopic KPC tumors in WT and NLRP3^−/−^ hosts suggested that NLRP3 deletion reduced the fraction of TAMs but did not alter the fraction of CD11c^+^MHCII^+^ DCs or Gr1^+^CD11b^+^ neutrophils and inflammatory monocytes in the TME ([Fig. 6 A](#fig6){ref-type="fig"}). Furthermore, NLRP3 deletion up-regulated TNF expression in TAMs but lowered IL-10 and CD206 expression, suggesting that NLRP3 deletion reprograms PDA-infiltrating macrophages toward an M1-like phenotype ([Fig. 6, B and C](#fig6){ref-type="fig"}). We postulated that the immunogenic differentiation of TAMs associated with NLRP3 deletion may reverse the immune-suppressive T cell phenotype characteristic of PDA ([@bib40]). To test this using in vitro modeling, we activated spleen-derived CD8^+^ T cells using CD3/CD28 coligation and selectively co-cultured them with either NLRP3^+/+^ or NLRP3^−/−^ TAMs harvested from orthotopic KPC tumors. Consistent with our hypothesis, whereas WT TAMs abrogated IFN-γ and CD44 expression in αCD3/CD28-stimulated CD8^+^ T cells, NLRP3^−/−^ TAMs exhibited no inhibitory effects on T cell activation ([Fig. 6, D and E](#fig6){ref-type="fig"}). To determine whether NLRP3 signaling in TAMs adversely affects their capacity to induce adaptive immune responses to tumor antigen, WT and NLRP3^−/−^ TAMs were harvested from orthotopic KPC tumors, loaded with OVA~257--264~ peptide, and used to activate OT-I T cells. WT TAMs only weakly induced antigen-restricted CD8^+^ T cell proliferation and were deficient in promoting T cell activation based on low expression of T-bet, CD44, and IFN-γ; conversely, NLRP3^−/−^ TAMs induced vigorous CD8^+^ T cell proliferation and promoted a cytotoxic T cell phenotype ([Fig. 6, F--I](#fig6){ref-type="fig"}). Notably, IL-10 blockade rescued the capacity of NLRP3^+/+^ TAMs to present antigen ([Fig. 6, F--I](#fig6){ref-type="fig"}).

![**NLRP3 deletion induces immunogenic reprogramming of TAMs.** (A) WT and NLRP3^−/−^ mice were orthotopically implanted with KPC-derived tumor cells. Tumors were harvested at 3 wk. The fraction of tumor-infiltrating Gr1^−^CD11c^−^CD11b^+^F4/80^+^ macrophages, CD11c^+^MHCII^+^F4/80^−^ DCs, and Gr1^+^CD11b^+^ neutrophils and inflammatory monocytes were determined by flow cytometry. (B and C) PDA-infiltrating macrophages in WT and NLRP3^−/−^ hosts were gated and tested for expression of TNF and IL-10 (B) and CD206 and MHC II (C). Experiments were reproduced greater than three times using five mice per group. (D and E) Splenic CD8^+^ T cells from untreated WT mice were cultured in 96-well plates, either unstimulated or stimulated with αCD3/αCD28 alone or in co-culture with PDA-infiltrating WT or NLRP3^−/−^ TAMs. CD8^+^ T cell expression of IFN-γ (D) and CD44 (E) were determined at 72 h by flow cytometry. (F--I) TAMs were harvested from orthotopic KPC tumors in WT and NLRP3^−/−^ hosts, pulsed with OVA~257--264~ peptide, and plated with CFSE-labeled CD8^+^ OT-I T cells. (F) T cell proliferation at 96 h was determined by dilution of CFSE. (G--I) T-bet (G), CD44 (H), and IFN-γ (I) expression in the CD8^+^ T cells was assessed by flow cytometry. Experiments were performed using five biological replicates per group and repeated twice. Unpaired Student's *t* test was used for statistical analyses. (J) WT and NLRP3^−/−^ mice were orthotopically implanted with KPC-derived tumor cells and serially treated with neutralizing αF4/80 mAb or isotype control. Cohorts of mice were sacrificed on day 21. Representative images and quantitative data on tumor weights are shown. *n* = 5/group. Unpaired Student's *t* test was used for statistical analyses. (K) Littermate NLRP3^−/−^ mice were subcutaneously implanted with KPC-derived PDA tumor cells admixed with tumor-entrained WT or NLRP3^−/−^ macrophages. Tumor volume was recorded at serial intervals. Adoptive transfer experiments were repeated twice. *n* = 5/group. Unpaired Student's *t*-test was used for statistical analyses. \*, P \< 0.05; \*\*, P \< 0.01; \*\*\*, P \< 0.001; \*\*\*\*, P \< 0.0001. Data are presented as mean ± standard error. Mono, monocyte; Neu, neutrophil; SSA, side scatter; Stim., stimulated; Unstim., unstimulated; wt, weight.](JEM_20161707_Fig6){#fig6}

To definitively determine whether TAMs are responsible for NLRP3-mediated tumorigenesis, we serially neutralized macrophages in orthotopic PDA-bearing WT and NLRP3^−/−^ hosts. Macrophage depletion was protective against PDA in WT hosts, as we have previously reported ([@bib40]); however, macrophage neutralization did not offer further tumor protection in the context of NLRP3 deletion ([Fig. 6 J](#fig6){ref-type="fig"}). Similarly, adoptive transfer of WT TAMs coincident with KPC tumor challenge in NLRP3^−/−^ hosts resulted in an accelerated tumor growth rate compared with transfer of NLRP3^−/−^ TAMs ([Fig. 6 K](#fig6){ref-type="fig"}). Moreover, transfer of NLRP3^−/−^ TAMs resulted in upward skewing of the CD8/CD4 ratio in the TME and enhanced intratumoral CD4^+^ and CD8^+^ T cell activation compared with adoptive transfer of WT TAMs (Fig. S1).

We previously reported that neutrophils and inflammatory monocytes restrain T cell immunogenicity in PDA ([@bib37]; [@bib46]). Similar to TAMs, neutrophils and inflammatory monocytes also up-regulated NLRP3 expression in PDA (Fig. S2 A). However, the phenotype of neutrophils and inflammatory monocytes was unchanged (Fig. S2 B), and their T cell inhibitory function was not diminished by NLRP3 deletion (Fig. S2, C and D).

NLRP3 governs T cell differentiation within the PDA TME {#s08}
-------------------------------------------------------

To test whether NLRP3 deletion in situ leads to enhanced T cell immunogenicity within the PDA TME, we interrogated CD4^+^ and CD8^+^ T cell phenotype in PDA-bearing WT and NLRP3^−/−^ pancreata. Consistent with our macrophage adoptive transfer experiments, NLRP3 deletion increased the CD8/CD4 ratio in PDA tumors ([Fig. 7 A](#fig7){ref-type="fig"}). Furthermore, NLRP3 deletion resulted in CD4^+^ T cell reprogramming toward an immunogenic Th1 cell phenotype. Whereas PDA-infiltrating CD4^+^ T cells exhibited prominent T reg, Th2, and Th17 cell differentiation in WT hosts--- as evidenced by high expression of FoxP3, GATA-3, IL-10, and IL-17---NLRP3 deletion resulted in reduced CD4^+^ T cell expression of these tumor-promoting transcription factors and cytokines ([Fig. 7 B](#fig7){ref-type="fig"}). Accordingly, NLRP3 deletion increased Tbet, IFN-γ, and TNF expression in PDA-infiltrating CD4^+^ T cells, suggesting enhanced Th1 cell differentiation ([Fig. 7 C](#fig7){ref-type="fig"}). Similarly, NLRP3 deletion increased PDA-infiltrating CD8^+^ T cell expression of T-bet and IFN-γ, indicative of cytotoxic T cell activation ([Fig. 7 D](#fig7){ref-type="fig"}). Furthermore, PDA-infiltrating CD4^+^ and CD8^+^ T cells each up-regulated CD44 and PD-1 expression but lowered CD62L in the context of NLRP3 deletion, consistent with an activated phenotype ([Fig. 7, E--G](#fig7){ref-type="fig"}). We recently reported that T cells are entirely dispensable in PDA, as T cell deletion does not influence PDA growth in WT hosts ([@bib4]; [@bib40]). Conversely, in vivo, CD4^+^ or CD8^+^ T cell deletion abrogated the protective effects of NLRP3 deletion ([Fig. 7 H](#fig7){ref-type="fig"}). Moreover, adoptive transfer of T cells from PDA-bearing NLRP3^−/−^ mice protected against KPC tumor growth compared with transfer of tumor-entrained WT T cells ([Fig. 7 I](#fig7){ref-type="fig"}). These data confirm that interruption of NLRP3 signaling induces T cell--dependent antitumor immunity. Notably, we did not find evidence of enhanced T cell migration in NLRP3-deficient PDA using in vivo or in vitro models (Fig. S3). Furthermore, in contrast to targeting NLRP3, NOD2 deletion did not alter macrophage polarization or T cell differentiation within the PDA TME ([Fig. 4, C--G](#fig4){ref-type="fig"}).

![**NLRP3 deletion results in immunogenic T cell differentiation in PDA.** (A--G) WT and NLRP3^−/−^ mice were orthotopically implanted with KPC-derived tumor cells. Tumors were harvested at 3 wk, and single-cell suspensions were analyzed by flow cytometry. (A) The CD8^+^/CD4^+^ T cell ratio was calculated. (B) Tumor-infiltrating CD4^+^ T cells were gated and tested for expression of FoxP3, GATA-3, IL-10, and IL-17. (C) CD4^+^ T cells were also tested for T-bet, IFN-γ, and TNF expression. (D) CD8^+^ T cells were gated and tested for expression of T-bet and IFN-γ. (E--F) Intratumoral CD4^+^ and CD8^+^ T cells were analyzed for expression of CD44 (E), PD-1 (F), and CD62L (G). Each experiment was repeated more than three times, using at least four mice per group. Representative contour plots and quantitative data are shown. Unpaired Student's *t* test was used for statistical analyses. (H) Cohorts of littermate NLRP3^−/−^ animals serially treated with neutralizing αCD4 or αCD8 mAbs or isotype were challenged with orthotopic PDA. Mice were sacrificed at 21 d, and pancreatic tumors were weighed. (I) Littermate WT mice were subcutaneously implanted with KPC-derived PDA tumor cells alone or admixed with tumor-entrained CD3^+^ WT or NLRP3^−/−^ T cells. Tumor volume was recorded at serial intervals. T cell depletion and T cell adoptive transfer experiments were repeated twice. *n* = 5/group. Unpaired Student's *t* test was used for statistical analyses. \*, P \< 0.05; \*\*, P \< 0.01; \*\*\*, P \< 0.001. Data are presented as mean ± standard error. SSA, side scatter; wt, weight.](JEM_20161707_Fig7){#fig7}

Because we found that both IL-18 and IL-1β are up-regulated in PDA, we tested whether these were important mediators of tumorigenesis. IL-18 blockade did not influence PDA growth in WT or NLRP3^−/−^ mice (Fig. S4 A). However, IL-1β blockade was protective against PDA in WT hosts but failed to further protect NLRP3^−/−^ hosts, suggesting that IL-1β is protumorigenic in PDA in an NLRP3-dependent manner (Fig. S4 A). IL-1β blockade reversed the M2-like macrophage phenotype in vitro and in vivo in PDA (Fig. S4, B--D). Accordingly, IL-1β neutralization rescued the capacity of antigen-pulsed PDA-infiltrating NLRP3^+/+^ TAMs to activate antigen-restricted T cells but had no effect in NLRP3^−/−^ TAMs (Fig. S4, E and F).

Discussion {#s09}
==========

PDA is the third leading cause of cancer-related death in the US, and there are few promising new therapies on the horizon ([@bib38]). There are no effective means to prevent disease onset, and treatment options are extremely limited once transformation has occurred. Surgical resection is curative in ∼5% of PDA patients, and conventional chemotherapeutics offer only transient benefit. Ineffective development of an adaptive T cell immune response against PDA remains a potential bottleneck in extending patient survival. Macrophage infiltration has been associated with poor prognosis in human PDA ([@bib7]). Furthermore, regulation of macrophage polarization is critical in T cell education in the TME. We recently reported that expansion of IL-10^+^CD206^+^ immune-suppressive M2-like TAMs, as a consequence of ionizing radiation or necroptotic cell death, results in the recruitment of tumor-promoting Th2 and T reg cells ([@bib40],[@bib41]). Similarly, Th17 cells support oncogenesis, as IL-17 has direct mitogenic effects on transformed epithelial cells ([@bib32]). By contrast, Th1 cell polarization of CD4^+^ T cells and CD8^+^ T cell activation are associated with enhanced antitumor immunity in mouse models of PDA and extended survival in human disease ([@bib6]). A critical finding in the current work is that NLRP3 signaling in macrophages governs the polarization of TAMs and, hence, controls the keys to immunogenic or tolerogenic CD4^+^ T cell differentiation and CD8^+^ T cell activation. We found that IL-10 or IL-1β blockade reversed the tolerogenic influences of NLRP3^+/+^ TAMs but did not enhance the immunogenic function of NLRP3^−/−^ TAMs, which express minimal IL-10 and IL-1β. Notably, in addition to promoting adaptive immune suppression, IL-10 expression in PDA-associated macrophages has been shown to drive epithelial--mesenchymal transition in pancreatic cancer cells ([@bib28]). In addition, obesity has recently been shown to promote PDA growth and resistance to chemotherapy via IL-1β expression from both peripancreatic adipocytes and PSCs, which in turn recruit neutrophils and induce fibrosis ([@bib21]). However, we did not appreciate NLRP3 expression in PSCs. Similarly, NLRP3 signaling in TAMs did not differentially influence their capacity for PSC activation, suggesting an alternative mechanism.

T cell checkpoint receptor-based immunotherapy regimens have failed to show efficacy in early clinical trials in PDA ([@bib25]). The apparent futility of checkpoint receptor- or ligand-targeted approaches in PDA suggests that complementary adjuvants may be necessary to achieve antitumor immunity. For example, recent work suggested that targeting CXCR2, which reduces immune-suppressive myeloid cell recruitment, enables efficacy for PD-1 targeted therapy ([@bib42]). Of note, our work demonstrates that PD-1 is expressed at minimal levels in CD4^+^ and CD8^+^ T cells in PDA at baseline, but PD-1 is markedly up-regulated by interruption of NLRP3 signaling. These data are consistent with the higher expression of checkpoint receptors in activated T cells ([@bib35]). Hence, our findings suggest that combining NLRP3 + checkpoint-targeted therapies may offer synergistic benefit, as interrupting NLRP3 will activate CD4^+^ and CD8^+^ T cells via repolarization of TAMs; concomitantly, PD-1 blockade may mitigate the potential for checkpoint receptor-mediated rebound immune suppression resulting from elevated PD-1 expression.

We have previously reported that selective ligation or deletion of innate immune receptors or their associated adaptor proteins can have divergent influences on oncogenesis in PDA. For example, ligation of TLR7 promotes tumorigenesis via activation of NF-κB, MAPK, and notch-dependent signaling mechanisms ([@bib33]). TLR9 signaling in PSCs accentuates peritumoral fibrosis and results in the secretion of protumorigenic cytokines and chemokines leading to the recruitment of myeloid-derived suppressor cells ([@bib46]). Interestingly, we found that blockade of TLR9 and NLRP3 had synergistic protective effects in KC mice. Similarly, in benign pancreatic disease, TLR9 and NLRP3 signaling reportedly cooperate to promote edema and inflammation in acute pancreatitis ([@bib18]). TLR signaling is a required priming step for NLRP3 signaling ([@bib27]). It is conceivable that TLR9 synergizes with the NLRP3 inhibition, as dual inhibition will block both the production of pro--IL-1β and the activation of IL-1β. In contrast to these findings, blockade of Myd88, an adaptor protein common to most TLR-dependent pathways, accelerated pancreatic tumorigenesis by directing DCs toward induction of immune-suppressive Th2 CD4^+^ cells ([@bib34]). Besides TLRs, perturbation of other families of pattern recognition receptors within the pancreas also influences tumorigenesis. For example, ligation of the C-type lectin receptor Mincle by byproducts of necroptotic cell death results in the expansion of immune-suppressive myeloid cells, leading to corrupted adaptive immunity and accelerated tumor growth ([@bib40]).

Our findings that NLRP3 signaling promotes PDA progression contrasts with its role in other gastrointestinal cancers. In gastric carcinoma, deletion of IL-18, ASC, and caspase-1 have each been associated with accelerated tumorigenesis ([@bib1]; [@bib8]; [@bib39]; [@bib45]). Similarly, in colon adenocarcinoma, deletion of components of the inflammasome is associated with more aggressive tumor growth, as the inflammasome is thought to be required for robust NK cell tumoricidal activity ([@bib9]; [@bib20]). Although our findings in PDA are seemingly contrary with these studies, the patterns are not necessarily paradoxical, as the effects of NLRP3 activation in neoplastic progression may be contingent on the differential roles played by immunity and inflammation in each specific malignancy ([@bib22]). In particular, in malignant processes without a driving inflammatory component, NLRP3 signaling may enable antigen-presenting cells to overcome immunological tolerance, promoting antitumor immune responses. However, in neoplastic conditions, such as PDA, that arise from chronic inflammation and are driven by ongoing inflammation associated with immune-suppressive CD4^+^ T cells ([@bib5]; [@bib34]), selective NLRP3 ligation may sustain this protumorigenic inflammatory state.

The notion that PDA invariably arises from inflammatory disease is supported by both experimental evidence and clinical observations. For example, [@bib14] reported that a driving oncogenic *Kras* mutation is insufficient to induce PDA progression unless mice experience concomitant chronic pancreatitis. Furthermore, patients suffering from chronic pancreatitis have an eightfold-increased risk of PDA development, and familial pancreatitis is associated with a 40--75% lifetime risk of pancreatic neoplasia ([@bib29], [@bib30]). It is interesting that deletion of the NOD2 inflammasome did not affect tumorigenesis. However, unlike NLRP3 signaling, we found that NOD2 signaling does not influence intratumoral macrophage polarization and, consequently, does not affect the terminal differentiation of CD4^+^ T cells or CD8^+^ T cell activation within the PDA TME. In summary, our data suggest that NLRP3 is an attractive novel target for experimental therapeutics with the goal of reprogramming the TME toward an immunogenic innate and adaptive inflammatory phenotype.

Materials and methods {#s10}
=====================

Animals and in vivo models {#s11}
--------------------------

C57BL/6 (H-2Kb), OT-I, OT-II, NOD2^−/−^, and Casp1^−/−^ mice were purchased from The Jackson Laboratory. NLRP3^−/−^ mice were a gift from G. Nunez (University of Michigan, Ann Arbor, MI). ASC^−/−^ mice were obtained from Genentech. KC mice were a gift from D. Bar-Sagi (New York University, New York, NY), and data regarding these mice were previously described by us ([@bib4]; [@bib40]). All mice were bred in house for a minimum of eight generations before use in experiments. For orthotopic pancreatic tumor challenge, mice were administered intrapancreatic injections of FC1242 tumor cells derived from KPC mice using methods we previously described ([@bib46]). In preparation for intrapancreatic injection, cells were suspended in PBS with 50% Matrigel (BD) at 10^6^ cells/ml, and 10^5^ cells were injected into the body of the pancreas via laparotomy. Mice were sacrificed 3 wk later, and tumor weight was recorded. In some experiments, mice were serially administered an oligonucleotide inhibitor of TLR9 (IRS869; 84.8 µg/d, i.p.; Enzo Life Sciences), CRID3 (800 µg/d, i.p.; gift from L. O'Neill, Trinity College, Dublin, Ireland), or Glybenclamide (1 mg/d, i.p.; InvivoGen) for 8 wk. In select experiments, TGF-β (1D11.16.8), IL-1β (B122), IL-18 (YIG1F74-1G7), CD4 T cells (GK1.5), CD8 T cells (53-6.72), and macrophages (F4/80; CI:A3-1; all Bio X Cell) were neutralized using mAb regimens we have previously described ([@bib4]; [@bib40]). In other experiments, 10^6^ KPC-derived tumor cells were administered subcutaneously, alone or mixed with 4 × 10^4^ tumor-entrained macrophages or 2 × 10^4^ T cells. All animal procedures were approved by the New York University School of Medicine Institutional Animal Care and Use Committee.

Cellular harvest and flow cytometry {#s12}
-----------------------------------

Human or mouse single-cell suspensions were prepared as described previously with slight modifications ([@bib34]). Briefly, pancreata were placed in cold RPMI 1640 medium with 1 mg/ml collagenase IV (Worthington Biochemical Corporation) and 2 U/ml DNase I (Promega) and minced with scissors to submillimeter pieces. Then, tissues were incubated at 37°C for 30 min with gentle shaking every 5 min. Specimens were passed through a 70-µm mesh and centrifuged at 350 *g* for 5 min. PSCs were further enriched and propagated as previously detailed ([@bib46]). For flow cytometry experiments, the cell pellet was resuspended in cold PBS with 1% FBS. After blocking FcγRIII/II with an anti-CD16/CD32 mAb (eBioscience), cell labeling was performed by incubating 10^6^ cells with 1 µg of fluorescently conjugated mAbs directed against mouse CD44 (IM7), CD62L (MEL-14), IL-17 (TC11-18H10.1), CD25 (3C7), CD206 (C068C2), PD-1 (29F.1A12), CD3 (17A2), CD4 (RM4-5), CD8 (53-6.7), CD45 (30-F11), CD11b (M1/70), CD80 (16-10A1), CD86 (GL-1), CD11c (N418), Gr1 (RB6-8C5), LFA-1 (H155-78), MHC II (M5/114.15.2), IL-10 (JES5-16E3), IFN-γ (XMG1.2), TNF (MP6-XT22; all BioLegend), T-bet (eBio4B10), GATA-3 (TWAJ), FoxP3 (FJK-16s; all eBioscience), CCR2 (REA538; Miltenyi Biotec), NLRP3 (768319), and IL-1β (166931; both R&D Systems). Human pancreas and PBMCs were costained with mAbs directed against CD45 (HI30), CD15 (W6D3; both BioLegend), and NLRP3 (768319; R&D Systems). Intracellular staining for cytokines and transcription factors was performed using the Fixation-Permeabilization Solution kit (BD). Flow cytometry was performed on an LSRII flow cytometer (BD). Data were analyzed using FlowJo (v.10.1; Tree Star). Human tissues were obtained under an institutional review board--approved protocol.

In vitro experiments {#s13}
--------------------

FACS-purified macrophages were co-cultured with KPC-derived tumor cells or PSCs in a 1:5 ratio for 24 h, unless otherwise specified. In select experiments, 200 µg/ml of the NLRP3 agonist alum (InvivoGen) was added to co-culture wells. No additional growth factors were added. Tumor cell or PSC proliferation was measured using the XTT assay kit according to the manufacturer's protocol (Sigma-Aldrich). Cytokine levels in cell culture supernatants were determined in a cytometric bead array (BD). BMDMs were generated as previously described ([@bib13]). In some experiments, day-10 BMDMs were treated with 8 pg/ml of recombinant mouse TNF (Cell Signaling Technology) or 0.2 ng/ml TGF-β (R&D Systems) for 18 h before analysis for NLRP3 expression by flow cytometry. For antibody-based T cell stimulation assays, splenic CD8^+^ T cells were activated using CD3/CD28 coligation in 96-well plates as we previously described ([@bib4]). In selected wells, PDA-infiltrating macrophages were added in a 1:5 macrophage/T cell ratio. T cell activation was analyzed at 72 h. For antigen-restricted T cell stimulation assays, CFSE-labeled OT-I or OT-II T cells were cultured with, respectively, OVA~257--264~- or OVA~323--339~-pulsed TAMs in a 5:1 ratio. In select experiments, a neutralizing IL-1β (B122) or IL-10 mAb (JES5-2A5; all Bio X Cell) or isotype control was used. In other experiments, OT-II splenocytes were cultured directly with OVA~323--339~ peptide, either alone or in the presence of tumor-infiltrating Gr1^+^CD11b^+^ cells (10:1 ratio) as we previously described ([@bib4]). T cell activation was determined at 96 h by flow cytometry.

T cell migration experiments {#s14}
----------------------------

To evaluate T cell migration in vivo, day-18 PDA-bearing mice were administered 10^6^ CD45.1^+^ T cells via retroorbital injection. The number of PDA-infiltrating CD45.1^+^ T cells was determined at 36 h by flow cytometry. To evaluate T cell migration in vitro, we use QCM Chemotaxis Cell Migration Assay (EMD Millipore). CD3^+^ T cells were harvested from WT or NLRP3^−/−^ hosts and starved overnight. 5 × 10^5^ CD3^+^ T cells were added to a 3-µm insert over a lower chamber in a 24-well dish in the presence or absence of 10% FBS for 18 h. Cellular migration was measured using colorimetric parameters as per the manufacturer's instructions.

Western blotting {#s15}
----------------

For protein extraction from tissues, 15--30 mg of human or mouse pancreatic tissue was homogenized in 150--300 µl (i.e., 10 times the weight) of ice-cold radioimmunoprecipitation assay buffer. Total protein was quantified using the DC Protein Assay according to the manufacturer's instructions (Bio-Rad Laboratories). Western blotting was performed as previously described with minor modifications ([@bib34]). In brief, 10% Bis-Tris polyacrylamide gels (NuPage; Invitrogen) were equiloaded with 10--30 µg of protein, electrophoresed at 200 V, and electrotransferred to polyvinylidene fluoride membranes. After blocking with 5% BSA, membranes were probed with primary antibodies to IL-1β (3A6; Cell Signaling Technology) and IL-18 (ab71495; Abcam). Blots were developed by enhanced chemilumescent (Thermo Fisher Scientific).

Histology, immunohistochemistry, and microscopy {#s16}
-----------------------------------------------

For histological analysis, pancreatic specimens were fixed with 10% buffered formalin, dehydrated in ethanol, embedded with paraffin, and stained with hematoxylin and eosin (H&E) or Gomori's Trichrome. The fraction of preserved acinar area was calculated as previously described ([@bib4]). Pancreatic ductal dysplasia was graded according to established criteria ([@bib19]). Immunofluorescent staining in frozen mouse tissues was performed using antibodies against CD11b (M1/70; BioLegend), CK19 (Troma-III; Developmental Studies Hybridoma Bank), NLRP3 (768319; R&D Systems), and DAPI (Vector Laboratories). For analysis of human tissues, de-identified paraffin-embedded PDA specimens were probed with an mAb directed against NLRP3 (768319; R&D Systems). All human tissues were collected using an institutional review board--approved protocol. Quantifications were performed by assessing 10 high-power fields (40×) per slide. Immunofluorescent images were acquired using a confocal microscope (LSM700; ZEISS) with ZEN 2010 software (ZEISS).

Statistical analysis {#s17}
--------------------

Data are presented as mean ± standard error. Survival was measured according to the Kaplan-Meier method. Statistical significance was determined by Student's *t* test and Wilcoxon test using Prism 7 (GraphPad Software). P-values \<0.05 were considered significant.

Online supplemental material {#s18}
----------------------------

Fig. S1 shows that adoptive transfer of tumor-entrained NLRP3^−/−^ macrophages enhances intratumoral T cell activation. Fig. S2 shows the phenotype and T cell inhibitory effects of PDA-infiltrating neutrophils and inflammatory monocytes in the context of NLRP3 deletion. Fig. S3 shows that T cells do not exhibit increased migration in PDA in NLRP3^−/−^ hosts. Fig. S4 shows IL-1β blockade protects against PDA and enhances the capacity of TAMs to activate T cells.
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